Integrins are allosteric cell adhesion receptors that control many important processes, including cell migration, proliferation, and apoptosis. Ligand binding activates integrins by stabilizing an integrin conformation with separated cytoplasmic tails, thus enabling the binding of proteins that mediate cytoplasmic signaling. Experiments demonstrate a high sensitivity of integrin signaling to ligand density and this has been accounted mainly to avidity effects. Based on experimental data we have developed a quantitative Monte Carlo model for integrin signal initiation. We show that within the physiological ligand density range avidity effects cannot explain the sensitivity of cellular signaling to small changes in ligand density. Src kinases are among the first proteins to be activated, possibly by trans auto-phosphorylation. We calculate the extent of integrin and ligand clustering as well as the speed and extent of Src kinase activation by trans auto-phosphorylation or direct binding at different experimentally monitored ligand densities. We find that the experimentally observed ligand density dependency can be reproduced if Src kinases are activated by trans auto-phosphorylation or some other mechanism limits integrin-dependent Src kinase activation. We propose that Src kinase and thus cell activation by trans auto-phosphorylation may provide a mechanism to enable ligand-density dependent responses at physiological ligand densities. The capacity to detect small differences in ligand density at a ligand density that is large enough to permit cell adhesion is likely to be important for haptotaxis.
Introduction
Integrins are allosteric proteins that can respond to extracellular and intracellular stimuli and change their affinity for ligand (Hynes, 2002) . The two extreme conformations, an 'open' and a 'closed' one, bind ligand with maximal and minimal affinity respectively. The extracellular conformational changes are accompanied by movements of the intracellular domains which lead to a separation of the integrin tails which enables integrins to bind to regulatory proteins inside the cell and to link to the cytoskeleton (Hynes, 2002) . The 'open', active integrin conformation can be stabilized both by ligand binding to the extracellular part of integrins ('outside-in' signaling) and by binding of intracellular proteins to the cytoplasmic integrin tail ('inside-out' signaling).
Integrins have relatively short cytoplasmic tails without catalytic activity. Signal initiation therefore requires the activation of proteins that bind to the cytoplasmic domains of the separated tails (Banno and Ginsberg, 2008) . Important early signaling proteins include Src kinases (Arias-Salgado et al., 2003; Su, 2008, p22862) and focal adhesion kinase (FAK). Active integrin-bound c-Src and FAK phosphorylate numerous targets which include important other signaling proteins that control cell spreading, cell migration, cell proliferation and apoptosis (Harrison, 2003) .
Src kinases are particularly important for outside-in signaling but appear dispensable for inside-out signaling. Thus a synthetic peptide (RGT) that mimicks the c-Src binding motif and disrupts the interaction of IIb 3 with Src kinase selectively inhibits outside-in signaling but does not affect insideout signaling in human platelets (Su et al., 2008) . There are many different Src kinases that show different binding specificities. Thus while the related Src family kinases (SFKs) Yes, Hck, and Lyn bind to both 1 and 3 integrin tails c-Src and Fyn only bind to a C-terminal motif of the 3 tail (but not to the 1 tail) (Arias-Salgado et al., 2003 Obergfell, 2002 .
Many details are known about the mechanism and the sequence of events by which integrins activate Src kinases. In the quiescent state the bulk of c-Src is clamped and inactive (Harrison, 2003) .
Phosphorylation of Tyr-529 (Tyr-527 in chicken (Takeya and Hanafusa, 1983) ) by integrin-associated Csk-(C-terminal Src kinase) stabilizes the clamped conformation (Obergfell et al., 2002) , and in the resting state 90-95% of all Src kinases are phosphorylated by Csk on Tyr527 (Roskoski, 2004) . Src kinases can bind to the integrin tails already in the quiescent state and it has been suggested that this interaction renders Src kinases to be partially unclamped, or primed. Whether Src kinases bind also to the closed integrin conformation has not been resolved, but full Src activation requires the stabilization of the active integrin conformation (Obergfell et al., 2002) .
Full c-Src activation and its switching to a stable activated state has been proposed to be achieved by trans autophosphorylation of the activation loop (Y418) which enables substrate access to the catalytic cleft (Sicheri and Kuriyan, 1997; Sicheri, 1997, p38371) . Ligand-induced integrin clustering can increase the local c-Src concentration and thereby facilitate trans autophosphorylation. It has therefore come as a surprise that Src kinase was fully (if transiently) activated upon ligand binding also in the absence of talin (Zhang et al., 2008) even though integrins are not observed to cluster in the absence of the cytoplasmic protein talin (Saltel et al., 2009) . Ligand binding may also contribute to the activation of c-Src by promoting dephosphorylation of Tyr-529 via tyrosine phosphatases (Su et al., 1999) and the dissociation of Csk from 3 (Obergfell et al., 2002) . However, in the absence of talin there was also no detectable activation of 1 integrins 90 minutes after ligand exposure (Zhang et al., 2008) .
Since the details and the relative contributions of the processes that affect Src kinase activation are difficult to resolve experimentally we developed a carefully parameterized, quantitative Monte Carlo simulation to explore the two discussed activation mechanisms, i.e. Src kinase activation upon binding to integrins (Fig. 1A) or by trans activation between neighbouring Src kinases (Fig. 1B) . We expected that Src kinase activation by trans-activation would limit spurious, ligand-independent activation and might be inefficient unless ligand density is high and we introduce processes that enhance integrin clustering, including avidity effects or a positive feedback via talin.
To our surprise, for physiological parameter choices both mechanisms showed similar levels of spurious activation, and no externally enforced integrin clustering was necessary to enable Src kinase activation by trans-activation. Thus rapid Src kinase activation could be observed also without any supporting feedbacks (as may be provided by talin) and the transient activation of Src kinase in the absence of talin (Zhang et al., 2008) could be reproduced as long as a negative feedback was introduced as may be provided by the experimentally observed removal of Src binding sites by cleavage of the integrin tail (Flevaris et al., 2007) .
Experiments reveal a strong ligand density dependency of integrin activation (Cox et al., 2001) . Since the spacing between ligands is much more important than the average ligand density the remarkable sensitivity to ligand density has previously been accounted mainly to avidity effects and has been subject of many experimental and theoretical studies (i.e. (Koo et al., 2002 Ward, 1994 , p981, Bunch, 2010 , p35155, Carman, 2003 ). While avidity effects enhance integrin-ligand binding and clustering in our simulation they are insufficient to explain the experimentally observed impact of ligand density on speed and extent of activation. This is because physiological / experimental ligand densities are high, and small reductions in ligand density therefore do not limit Src kinase activation unless most Src kinase interactions with integrins fail to trigger Src activation as is the case when Src kinases are activated by trans auto-phosphorylation. We therefore propose that Src kinase and thus cell activation by trans auto-phosphorylation provides a mechanism to enable ligand-density dependent responses at high ligand densities. High ligand densities are likely to be important for successful cell adhesion while the capacity to detect density differences is likely to be important for haptotaxis.
Results

Presentation of ligand
In experiments cell spreading is strongest when surfaces are covered with about 10 μg per ml fibronectin and is much slower but still detectable at 0.1 μg per ml fibronectin. According to measurements coverage of surfaces with 0.1, 1 or 10 μg per ml fibronectin results in surface densities of 1436, 3850, and 6500 epitope sites per μm 2 (Vitte et al., 2004 
Here L refers to the ligand concentration, K C reflects the conformational equilibrium in the absence of ligand, and K D refers to the integrin-ligand dissociation constant. In the absence of ligand only about 
Ligand-induced integrin clustering
To calculate the expected number of juxtaposed ligand-bound integrins on a cell we carry out a
Monte-Carlo simulation with ligands and integrins on a 100x100 grid which corresponds to about 1 μm 2 of cell membrane. Experiments report 1-30x10 5 integrins on fibroblasts and CHO cells (Akiyama and Yamada, 1985; Neff et al., 1982; Wiseman et al., 2004) , and estimate the surface area of CHO cells as 1000-2500 μm 2 (Wiseman et al., 2004) . The physiological integrin density may thus range between 40-3000 per μm 2 , with a most likely range of 300-500 integrins per μm 2 (shaded area in Fig (Table 1) , increase the number of juxtaposed ligand-bound integrins some 15-fold at high ligand densities. To achieve a similar number of juxtaposed ligand-bound integrins without avidity effects the affinity would need to be increased to U L = 3 kT which would then result in 40% rather than 10% ligand-bound integrins at 6500 ligands per μm 2 (Fig. 3D) . A binding energy of U L = 3 kT thus marks a likely upper bound of integrin-ligand binding (Fig. 2B ).
Src kinase activation
Two mechanisms for Src kinase activation have been proposed, i.e. upon binding to integrins (Fig.   1A ) or by trans auto-phosphorylation (Fig. 1B) . To explore these mechanisms for integrin-dependent There is good experimental evidence for active processes that deactivate Src kinases. Thus experiments show that while Src kinases can be rapidly and fully activated within 5 minutes also in the absence of talin, activation is then transient and decays to about 50% of maximal activity within 15-20 minutes (Zhang et al., 2008) . Other experiments show that the Src-dependent activation of Calpain leads to the proteolytic cleavage of the integrin tail, which removes the Src binding site (Flevaris et al., 2007) . To reproduce these observations we introduce a Src deactivation step in our simulation such that removal of 70% of Src binding sites on integrin tails after 5000 MCS leads to the deactivation of one to two thirds of Src kinases as observed in experiments (Flevaris et al., 2007; Zhang et al., 2008) . We note that the same deactivation probability, p D =2x10 -5 (Fig. 4F, black) , could be used for all four possible Src kinase activation mechanisms (Fig. 4 E) without limiting the extent of Src kinase activation (Fig. 4G, black) . While the removal of the Src kinase binding site provides a powerful mechanism to control Src kinase activity we note that a similar reduction in Src kinase activity could also have been achieved by increasing the probability of Src kinase deactivation some 15-fold.
Also with the deactivation process included there is, however, still considerable ligand-independent Src kinase activation (Fig. 4H) . Ligand-independent Src kinase activation must therefore be reduced by lowering the probability of Src kinase activation, p A , in the absence of ligand (Fig. 4H) . If Src kinases are activated by trans auto-phosphorylation or by direct binding to open integrins the probability of activating Src kinases in the absence of ligand needs to be 0.01 or less (p A 0.01).
Proteins that limit Src kinase activation (i.e. Csk) have indeed been described to be associated with integrins and to dissociate upon ligand binding (Obergfell et al., 2002) . We note that if Src kinases could be activated by direct binding to any integrin then the probability of activating in the absence of ligand would need to be considerable smaller than the probability of deactivation (p A << p D = 2x10 -5 ) to achieve ligand-dependent Src kinase activation (Fig. 4H , black, dashed line). Since the probability of ligand-independent activation must be kept low also if Src kinases are activated by trans autophosphorylation we conclude in agreement with experimental studies (Obergfell et al., 2002) Fig. I-L ). Notwithstanding these limitations on parameter choices, all four binding/activation mechanisms, however, enable a ligand-density dependent response (Fig. I-L) .
The impact of Src kinase and integrin densities and affinities on Src kinase activation
The speed of Src kinase activation depends on the density of Src kinases and integrins as well as on the affinity of interaction. Activation is fastest for low Src densities, high integrin densities, and high affinities ( Fig. 5A-D) . For large Src densities or low integrin densities activation is slow because the number of juxtaposed integrins is limiting. Similarly, for low Src-integrin affinity there is insufficient binding to achieve rapid activation of Src kinases.
Within the physiological integrin density range Src kinase activation appears not very much affected by density changes (Fig 5 C,D, shaded area) . A further reduction in integrin density leads, however, within which a lower affinity can be compensated for by a higher density and vice versa (Fig. 6 RHS) . (Fig. 5 A,B) .
The impact of ligand density and avidity on Src kinase activation
Both the speed and the extent of Src kinase activation are strongly affected by ligand density (Fig.   7A, B) . Thus if we plot the average number of Monte Carlo steps (MCS) that is required to activate 50% of Src kinases in response to ligand binding then we observe faster responses at higher ligand density. At higher binding affinities the threshold is moved to lower ligand densities. We note that if Src kinases can bind to all integrin conformations then the speed and extent of Src kinase activation is lower (Fig. 7, RHS) . This can be accounted to the low integrin-Src affinity (or Src kinase density)
that we have to use to meet the experimentally observed low extent of Src kinase-integrin binding in the absence of ligand (Fig. 6 ).
For the likely physiological binding energies (that lead to 10-40% integrin binding at high ligand densities) and Src kinase activation by trans auto-phosphorylation the waiting time sharply increases and the extent of Src kinase activation decreases for ligand densities between 1436 and 3850 epitopes per μm 2 (Fig. 7 A 
, B, E, F). This correlates well with experimental results according to which
cell adhesion is much slower and ineffecient if surfaces are coated with a 10-fold lower ligand concentration (which corresponds to a 2-fold lower density of coated epitopes). We note that this result follows without any further tuning of parameters, and all parameters have been calibrated carefully by comparison of simulation results with experimental data (Table 1) .
If Src kinases are activated by trans auto-phosphorylation then avidity effects barely affect the liganddensity dependent speed (Fig. 7 A, (Fig. G,H grey lines) at lower ligand densities. However, the impact of avidity effects is insufficient to enable a discrimination of ligand density in the physiologically relevant density range unless we limit the probability of Src kinase activation upon binding to integrins to 10% when Src kinases can bind only to open integrins (Fig 7, C We therefore conclude that discrimination of ligand densities at physiological ligand densities is possible only when Src kinase interactons with ligand-bound integrins do not always result in Src kinase activation.
Discussion
We have developed a quantitative, mechanistic Monte Carlo simulation to explore Src kinase activation during the initiation of intracellular signalling in response to ligand-dependent integrin activation. We carefully calibrated all parameters in the simulation by comparison of our simulation results to experimental data. Thus the conformational energies and the binding energies were set to reproduce the experimentally observed extent of ligand-independent and ligand-dependent integrin and Src kinase activation. The ligand and integrin densities have been determined in experiments.
The only two parameters for which we did not have unambiguous experimental data were the integrin-Src kinase affinity and the Src kinase density. Depending on whether we permitted Src kinases to bind only to the open integrin conformation or to all integrin conformations we arrived at different choices for these parameters. However, our conclusions are not affected by these choices.
First of all we note that the physiological integrin and Src kinase densities appear to be balanced to enable fast and efficient activation of downstream signalling. Internalisation of integrins and calpaindependent cleavage can therefore be expected to be powerful regulatory measures to control integrin-dependent Src kinase activation.
Integrin signalling is remarkably sensitive to ligand density in spite of the high local ligand density that is typically used in experiments and encountered in vivo. Experiments further show that cell adhesion is successful at lower average ligand densities if ligand is pre-clustered rather than homogenously distributed and this has been accounted to avidity effects (i.e. (Koo et al., 2002 Ward, 1994 , p981, Bunch, 2010 , p35155, Carman, 2003 ). Our carefully parameterized simulation now reveals that avidity effects alone cannot explain the experimental data because avidity effects are not limited by small changes in ligand density in the physiological ligand density range. Such sensitivity can be gained only if less integrins are bound by ligand or integrin-dependent Src kinase activation is inefficient. However, the extent of integrin-ligand binding (10%) is low already in our simulation.
Inefficient Src kinase activation could, in principle, be the consequence of regulatory proteins that also interact with integrins and limit Src kinase activation. It seems, however, that Src kinase activation by trans auto-phosphorylation can well serve such function.
Activation of Src kinases by trans auto-phosphorylation requires juxta-position of integrin-bound Src kinases for activation and thereby reduces the extent of Src kinase activation. If Src kinases are activated by trans-activation rather than directly upon integrin binding then the experimentally observed ligand density dependency can be reproduced without any parameter tuning or adjustments if Src kinases are activated by trans auto-phosphorylation. Src kinase activation by trans autophosphorylation thus provides an elegant mechanism to enable ligand density discrimination on the level of cellular signalling while permitting sufficient integrin-ligand interactions for cell adhesion. This may be important for haptotaxis as cells need to detect small differences in ligand density at a ligand density that is large enough to permit cell adhesion.
Materials and Methods
Monte Carlo Simulation
Simulations were initiated with the random placement of components on square grids ranging in size from 100x100 to 200x200 which were taken to represent 1 μm 2 of cell membrane. Unless otherwise stated we used 6500 ligands, 500 integrins and 300 Src kinases per grid. Ligands were fixed on the grid while unbound integrins and Src kinases could move to an unoccupied neighbour site in each simulation step. Binding was possible when players occupied the same lattice site.
Integrins can assume many different conformations (Hynes, 2002) , but for simplicity we only 
